The semi-Euclidean approach in statistical mechanics. II. The cluster expansion, a special example J. Math. Phys. 17, 204 (1976) A correction formula for energy disposal and linewidth of photodissociation dynamics is proposed. This formula was derived from an identity similar to the Kato identity of the scattering theory. Thanks to the correction formula the resultant linewidth turns out to be more accurate and stable even when a relatively poor basis set is used. Numerical examples for assumed direct dissociation of HCN, DCN, and TCN and for the predissociation ofHCN and DCN are presented.
I. INTRODUCTION
In the preceding paper (paper I), 1 a new method was proposed in which an expansion technique of the scattering theory can be applied to photodissociation (and other dissociation phenomena), and some merits of the theory were emphasized. Letting i and/ denote electronic states and a and m nuclear states, the partial linewidth due to the transition from state (i, a) to state (f, m) may be written as r{;;'. In the derivation of this quantity it was assumed that exact eigenfunctions of the Schrodinger equation that describes the collision process on a repulsive surface are known. However, no exact eigenfunction is available in general; thus some approximate functions that are based on a truncated basis set must be used to calculate r{:. The resulting "primitive" value of r{: may be inaccurate and may also be unstable to changes of basis set. Thus, a correction formula, which yields reliable values even when a relatively poor (truncated) basis set is used, is highly desirable.
The approach to be taken here has an analogy in the variational method of quantum scattering theory. 2 As is well known, one of the greatest merits of the variational scattering theory is that the variational functional itself is a correction formula for the reactance (K) or scattering (S) matrix. The zeroth order K matrix that is calculated by solving an algebraic equation derived from a variational theory is very often inaccurate. However, the "corrected value" from the variational functional becomes dramatically more accurate and is expected to be close to the exact value even for a relatively poor basis set.
In this paper, the existence of such a correction formula for photodissociation will be shown by presenting its mathematical form explicitly. Further, it will be seen that the corrected energy disposal has the same accuracy as the transition probability of the V -T energy transfer process, 3 if the transition probability is estimated by the corrected K -matrix.
Another objective of this paper is to present some numerical examples of the theory we have proposed. Through the computation of assumed direct dissociation of HCN, DCN, and TCN some characteristics of the theory will be illustrated. Subsequently, we will present the results of HCN and DCN predissociation, some data for which were obtained in the recent experiment of MacPherson and Simons. 4 All the geometries are assumed to be linear in our computational scheme.
II. CORRECTION FORMULA FOR rzn
In this section, a correction formula for r{: is presented. To begin with, a brief outline of the MBD (minimum basis dependence) 5 method for a variational scattering theory is presented, since the theoretical basis of the correction formula for r{: is the same as that for the K matrix given by the scattering theory. Also, we will adopt the MBD method as a tool to obtain an approximate scattering wave function, through which both the transition probabilities of the V -T process and the K -matrix are calculated.
A. Outline of the MBD method
The MBD method is composed of a set of simple linear equations which are easily programmed. It is anomaly free 2 and reliable. In addition, it provides a measure by which one can judge the reliability of the wave function. With this correction, the error is second order in (X,.->..,.). The corrected K matrix K' is usually nonsymmetric, although the deviation from symmetry is very small for a sufficient basis set. 7 However, because this deviation gives an s matrix that is not unita:ry, K'
Using long-range functions
should be symmetrized
In general, [K) is much closer to K than K is, since [K] includes only the second order error 5 in X,. ->..,..
B. Correction of r f:'
As shown in paper I, the flux (on channel m), which is calculated based on the exact solution of an inhomo- The following identity holds even when >..,. is not an exact wave function 1 :
where X! is the exact solution of
with an asymptotic form may be necessary to describe ab initio potential surfaces and/or to incorporate an attractive part into VE.
B. Basis functions
The short-range functions are taken to be the Hermitian functions. The ground state wave functions v~ are expanded as (3. 8) where r 1 and R 1 are the equilibrium positions of atoms in the (r, R) representation. If desired, anharmonicity may be taken into account in V G· For this reason, normal coordinates have not been used for v~.
The long-range functions are taken to be
In the above equations, ~~(a 1 r) is the eigenfunction for The nonlinear parameter 13 1 is to be selected, as well as R 0 , so as to give good results.
Almost all the necessary integrals (the overlap integrals and the matrix element of E -H 1 ) are generated by recursion formulae which allow efficient and highly accurate computations. As an example, the recursion formula for the Franck-Condon overlap integral is shown in the Appendix.
IV. RESULTS FOR HCN
In this section some results are presented using the formalism developed in this and the preceding papers. Because of the wealth of experimental 10 and theoretical Many dynamical theories 11 have been tested by using this reaction as a direct dissociation. Very recently, however, Simons and his co-workers 10 have confirmed experimentally that HCN dissociates via a predissociative path, viz.
Our sample calculations were carried out for both the assumed direct dissociation and the predissociation. In all cases the reaction is assumed to take place within 
basis of the dissociation energy of HCN given by Davis and Okabe 16 and spectroscopic data. 17 The threshold energy for dissociation of HCN has been reported as 8. 8 ± 1. 0 eV based on electron impact experiments. 18 All other parameters, except for those given by the experiment of McPherson and Simons, 4 were obtained from Herzberg.
17
As stated in Sec. II, the MBD method has been used collinear geometries.
The molecular parameters necessary for the computation are listed in Table I A' in theoretical notation 15 ) were taken from the theoretical results of Schaefer et al. 15 The difference in the energy origins of the ground and excited states, that is ~E 8 In Tables II and III having /MBD larger than 0. 5x 10" 3 were discarded. Further, the /MBD for (5, 20) is smaller than those of (5, 25) and (5, 30). This curious behavior suggests that Hermitian functions may not necessarily be good basis functions for describing a simple repulsive surface.
Another important point arising from Table II 10)) to the third open channel is not negligible, Therefore, one must be careful about the high channels when a small Nr basis set2° is used. Fortunately, the values for high channels, for example [rm and P 02 , are generally so small that the total values, such as [r 1 .] or the total cross section, will not be appreciably influenced by including the closed channel contributions. The accuracy and stability of [r{;], which are expected theoretically, have been demonstrated. In the remainder of this paper, we will use the symbols r{; and rIa for the values that have already been corrected, since the uncorrected (zeroth order) values will not henceforth be of interest. The basis set used for excited states in the remainder of the paper is (5, 30).
B. Isotope effect
In order to reproduce the experimental results obtained by Mele where L 2 is a constant. Physically, we have Do: exp(aRa) [see Eqs. (3. 2) and (3. 6)], where Ra is the distance between the repulsive surface and the harmonic potential on the R coordinate (see Fig. 3 ). Thus we have (4. 6) Although Eq. (4, 6) is merely an empirical expression, this suggests a strong dependence of the isotope effect on the repulsive surface.
In contrast to r 10 , the branching ratio r{::' is not as sensitive to Din the tunneling region (Fig. 2) . There'-fore we cannot expect large changes of r{::' with the variation of Din the tunneling region. In Table IV o. 375 = 12. 86, 50, and 190, respectively. Therefore, the isotope effect on the total width for this assumed direct dissociation will be quite small. In this region, the effect on the branching ratio was much larger. These results do not support the extraordinary isotope effect found by Band and Freed. It is important to note that the transition probabilities of the V -T process of this system are P 01 = 0. 271, P 02 = 0. 308 x 10" 1 , P 03 = 0. 906 x 10" 3 , and P 04 = 0. 134 x 10" 5 • Thus, it is risky to fit the computational results without taking account of these large transition probabilities (final state interaction). In the following discussion we will adopt the notation of MacPherson and Simons In addition to the above geometrical inspection, we have carried out more extensive calculations on the (0, 9, O) and (1, 9, 0) bands to determine the D dependence in HCN. The ratio of the total width of (0, 9, 0) to that of (1, 9, 0) varies as This shows that the linewidth of (1, 9, 0) is much larger than that of (0, 9, 0) even when (1, 9, 0) is also located in the tunneling region (outside the Franck-Condon region). Therefore, the geometrical consideration gives only a necessary condition for missing the (1, v2, 0)-(0, O, 0)
band. Note also that once again the branching ratio was not sensitive to D in the tunneling region.
Finally, the branching ratio of both HCN and DCN is shown in Tables VI and VII, respectively, for D= 190. Since, as discussed above, there is a significant possibly forD> 190 in considering the DCN case, the r~: corresponding to D= 271 is also shown in Table VIII . It is likely that the real D is closer to 271 than to 190. (The branching ratios of HCN do not change significantly even if D=271 is used.) From Tables VII and VIII, population inversion is predicted to occur in some channels of DCN. Among them, channels (2, 7, 0), (2, 8, 0), and (2, 9, 0) overlap energetically with (0, 9, 1), (0, 10, 1) and (0, 11, 1), respectively. Since the (O,v2, 1) channels (v2 = 9, 10, 11) have much larger r sa• if one takes account of this overlap, the population inversion will be resolved macroscopically. However, the channels (1, 11, 0), (1, 8, 1), and (1, 9, 1) do not overlap with other channels. We cannot determine, at this stage, whether or not this population inversion is real, 22 since this population inversion will disappear if a very large D is used and since the rotational motion and its coupling with the bending mode were completely neglected within our computation.
V. CONCLUDING REMARKS
We have proposed a correction formula for r{~. As shown both theoretically and numerically the corrected value of r{:, that is, [r{:J, converges quite rapidly and is stable with respect to the variation of basis set. Therefore, this correction formula is strongly recommended even when other variational scattering functions, such as that of the Kohn method, 23 the minimum norm method, 24 the optimized anomaly free method, 25 and so on 2 • 7 are used.
Some general properties of the photodissociation of HCN were considered. In particular, our calculation presented. An attempt to search for the potential parameters of the repulsive surface was not made, since the aim of this paper has been to prepare a tractable and accurate method that can predict r~: or other observaables. The use of ab initio methods to search for the potential surface parameters will be the subject of later papers.
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APPENDIX: FRANCK-CONDON OVERLAP INTEGRAL
Although there have been several methods 26 to calculate the Franck-Condon factor, we will show a recursion formula that is easily understood. The FranckCondon integral is ,defined by suggests that Go,n may be written as (AlO)
where g" is a polynomial of p of order, at highest, n. 
Since gn's are simple polynomials, it is quite easy to accomplish the computation of Eq. (All).
We would like to point out that similar recursion equations hold for multidimensional harmonic functions in which the Dushinsky matrix is nondiagonal. 26 Finally, the computational technique used in (A2) is applied to estimate other integrals in which the Hermitian functions are involved.
